ABSTRACT In this paper, a novel planar waveguide based on spoof surface plasmon polaritons (SSPPs) using fish-bone corrugated slot structure is first proposed in the microwave region. Low-dispersion band can be realized by such structure with tight field confinement of SSPPs, resulting in size miniaturization of the proposed waveguide. The high frequency stopband of the proposed ultra-wideband bandpass filter (BPF) is created by using this proposed waveguide, while the low frequency stopband is properly designed through introducing the microstrip-to-slotline transition. The 2-D E-fields distribution, surface current flow, and energy flow patterns are all calculated and illustrated to demonstrate the electromagnetic (EM) characteristics of the proposed ultra-wideband BPF. The BPF tuning characteristics is explored to provide a guideline for facilitating the design process. To validate the predicted performance, the proposed filter is finally designed, fabricated, and measured. Measured results illustrate high performance of the filter, in which the reflection coefficient is better than −10 dB from 2.1 to 8 GHz with the smallest insertion loss of 0.37 dB at 4.9 GHz, showing good agreement with numerical simulations. The proposed surface plasmon polariton waveguides are believed to be significantly promising for further developing plasmonic functional devices and integrated 2-D circuits with enhanced confinement of SSPPs in microwave and even terahertz bands.
I. INTRODUCTION
Surface plasmon polaritons (SPPs) are surface electromagnetic (EM) waves propagating on the metal-dielectric interface inspired by the coupling between free electrons in a metal and incident EM waves [1] . The EM energy will be confined tightly in subwavelength scale at visible frequencies and will be greatly enhanced with good modal shape and low propagation loss [2] , [3] . Due to this characteristic, SPPs open up a previously inaccessible length scale for the optical research, which implies the possibility to use SPPs for the high sensitive biochemical sensors [4] , miniaturized photonic circuits [5] , and high-resolution imaging [6] . However, natural SPPs effect can only exist for applications at the intrinsic plasma frequency of metal which approaches the optical frequency. This is because, for most metals, the plasma frequencies corresponding to the intrinsic electron oscillation in a metal is usually located in the optical and even ultraviolet regions [7] . While at much lower frequency band (e.g., microwave and terahertz), deep subwavelength effect of SPPs cannot be realized due to the disability of internal plasmonic oscillations in metal, which severely restricts SPPs practical applications in microwave or terahertz regimes.
To solve this problem, the concept of SSPPs with periodical textures on the metal structures is firstly reported in 2004 to achieve deep subwavelength effect at microwave and terahertz frequencies [8] . The surface waves supported by these structures were named as designer SPPs or spoof SPPs (SSPPs) due to their mimicking characteristics.
Based on this concept, various kinds of plasmonic structures have been proposed and experimentally demonstrated for steering highly localized SSPPs waves in microwave and terahertz regimes in the last few years, such as one-dimensional (1-D) groove arrays [9] , two-dimensional (2-D) hole lattices [10] , and even conformal plasmonic structures [11] . These plasmonic structures not only have advantages of strong field confinement as that of optical SPPs, but also show the dispersion property with cutoff frequency of nature SPPs. Importantly, the SSPPs dispersion characteristics can be directly manipulated by tailoring the shapes and dimensions on patterns, providing an effective method to guide and control subwavelength routing of microwave and terahertz radiations. Unfortunately, these early plasmonic devices have an obviously disadvantage of inherent bulk three-dimensional geometrics and some even require complicated manufacturing techniques in fabrication process, which rigorously limits their practical applications.
Recently, ultrathin corrugated metallic strips design was presented to support SSPPs wave propagation on the thin planar paths, which have attractive features of smaller area compared with the bulk plasmonic structures [12] . Meanwhile, due to its good field confinement, the crosstalk from adjacent pairs of corrugated ultrathin waveguides is much lower than conventional microstrip pairs [13] . Because of these advantages, a series of passive and active devices based on planar SSPPs including antennas, amplifiers, filters and circulators have been proposed in order to construct SSPPs based circuits and systems with high performance [14] - [24] .
In this paper, a novel high-performance microwave SSPPs waveguide engineered on ultrathin corrugated metallic strips is proposed. The presented plasmonic unit cell with lower dispersion band improves the confinement ability of SSPPs waves compared with the traditional unit cell [25] . Since such structure topology is unique and resembles fish bones, we call it fish-bone slot unit cell. Based on this structure, an ultra-wideband BPF with low reflection and high transmission coefficient for SSPPs waves is designed and fabricated. Introducing the presented artificial plasmonic unit cell, we can confine the microwave energy tightly with little propagation loss and generate the high frequency stopband for the passband. Also, to reach a perfect momentum matching between the SSPPs waveguide and the signal input port, a microstrip-to-slotline transition section and two fish-bone slot unit cells with different groove depths are designed for high-efficiency conversion. The designed transition also blocks the DC and low frequency signals, which is helpful to shape the passband by suppressing the DC and low frequency noise. Numerical simulations and experimental results demonstrate excellent performance of the proposed SSPPs waveguide and filter in ultra-wide frequency band, which builds a solid avenue for advanced plasmonic functional devices and circuits in microwave and terahertz devices. 
II. DISPERSION CHARACTERISTICS OF THE PROPOSED FISH-BONE SLOT STRUCTURE
The schematic configuration of the fish-bone slot unit cell is depicted in Fig. 1(a) , which will be periodically machined into a metal film on the bottom layer of dielectric substrate to form the SSPPs waveguide. The proposed groove is composed of mirror-oriented corrugated slots with lattice constant or period D, in which compound metallic geometry is further designed. The compound slot structure resembles fish bones consisting of main slots and subsidiary slots, where the subsidiary slots are paralleled with the signal transmission slotline and symmetrically arranged on the two sides of the main slots, as can be referred to Fig. 1(a) . The compound slot structure is characterized by the widths and depths of these two kinds of slots (i.e., W n , W 3 , L n , L 1 ), and the pitch between the subsidiary slots of W 4 .
The dispersion curves are obtained by theoretical calculations and numerical eigen-mode simulations, which are carried out by the commercial software, CST Microwave Studio. To simplify the analysis, the metal is assumed to be perfect electric conductor (PEC). The dispersion characteristics of periodic arrangement of fish-bone slot unit cell are investigated by placing the proposed slot unit cell in an air box where the boundaries in the x direction should be set as the periodic boundary, and the other boundaries in the y and z directions are set as the PEC boundary. All eigen-frequencies are calculated when sweeping the phase difference between the two periodic boundaries from 0 • to 180 • . Thus, the dispersion relation is obtained. For all cases in this paper, the substrate is with dielectric constant of 3.48 and thickness of 0.508 mm.
For comparison, a traditional unit cell having the same dimensions as the proposed slot unit cell but without subsidiary slots is also presented, as shown in Fig. 1(b) . The dispersion relations of the fundamental mode for different cases are displayed in Fig. 2(a) where k denotes propagation constant in the x axis. The dispersion curves of the proposed slot unit cell and the traditional slot unit cell significantly both deviate from the light line, indicating that the slot grating structures in Figs. 1(a) and (b) is capable of confining EM waves on the surface, while this deviation is more apparent when the proposed fish-bone topology is employed. The dispersion curves show that the proposed structure obtains lower cutoff frequency implying stronger confinement of surface wave.
The dispersion properties of the proposed SSPPs can be controlled by tailoring the geometrical parameters of the designed grooves. is changed, the other parameters of the proposed slot unit cell are kept constant and the same as in Fig. 2(a) . As can be seen in Figs. 2(b) and (c), when the subsidiary grooves depth L 1 or period D increases, the dispersion bands are both lowered, indicating stronger confinement ability for SSPPs, while the change of dispersion curve with variance of L 1 is much greater. Additionally, the dependence of the dispersion relation on the pitch between the subsidiary slots W 4 is also studied. As depicted in Fig. 2(d) , the dispersion band can be slightly lowered as W 4 decreases. We also analyze the dependence of the dispersion relation on the width of the subsidiary slots W 3 and find its dependence is even weaker than that of W 4 .
III. DESIGN OF THE PROPOSED SSPPS-BASED BPF
Based on the dispersion feature analyzed above, by embedding periodic arrangement of the proposed SSPPs unit cells into a waveguide, a corresponding high-frequency stopband is generated. Then a low frequency stopband staring from DC can be evoked by the microstrip-to-slotline transition, where no direct physical connection between microstrip and slotline exists and thus the DC and low frequency signal will be blocked. Finally, an ultra-wideband BPF based on SSPPs using fish-bone slot structure is proposed. Figure 3(a) is the schematic view of the proposed ultrawideband BPF consisting of the microstrip-to-slotline transitions and the fish-bone slot unit cells array with the period N of 5. The microstrip line is printed on the top layer of the substrate and used to excite the SSPPs propagating along the fish-bone slot surface which is etched on the bottom layer of the substrate. The material type of metal is selected as copper. The microstrip-to-slotline transition is designed by the microstrip line with a circular pad and the slotline with a circular slot, where two additional fish-bone slot unit cells with different groove depths (i.e., H 1 , H 2 ) are properly designed to improve the impedance matching performance. The length of the microstrip line is L 2 , the nearest distance between the microstrip line and the edge of the substrate is L 3 , and the radius of the circular pad is equal to that of the circular slot (i.e., R 1 ). To construct the SSPPs waveguide, N fish-bone slot unit cells are arranged periodically along the x direction to support surface plasmonic wave propagation. In this paper, three cases with different periods (i.e., N = 5, 7, 11) are designed, fabricated, as displayed in Fig. 3(b) . The fish-bone slot unit cell dimensions are chosen as the same as in Fig. 1(a) where the cutoff frequency is determined to be about 6.8 GHz, while the other parameters R 1 , L 2 , L 3 , H 1 , H 2 and W 1 are set as 2 mm, 9.2 mm, 8.6 mm, 1 mm, 2 mm, and 1.1 mm, respectively. For comparison, the traditional slot unit cellsbased filter, whose bottom schematic is depicted in Fig. 3(c) , is also designed with the same physical parameters as the Fig. 3(a) . Figs. 4(a)-(d) corresponding to the proposed ultra-wideband BPF, the observed frequencies are at 4, 6, 9 and 10 GHz, where 4 and 6 GHz are located in the passband, 9 and 10 GHz lie in the stopband. We clearly observe that SSPPs fields can be effectively supported by the proposed slot grating structure when f = 4 and 6 GHz, while vanish rapidly along the x direction in the observed plane when f = 9 and 10 GHz, proving again that SSPPs modes cannot be supported beyond the cutoff frequency of the proposed fish-bone slot structure. For comparison, the frequencies and positions observed in the traditional unit cell-based filter are completely coincident with those in proposed filter, as exhibited in Figs. 4(e)-(h), which further demonstrate that the proposed fish-bone slot unit cells can support lower cutoff frequency implying higher confinement for SSPPs fields. Moreover, the propagating wavelength on the proposed filter is smaller than that on the traditional structure-based filter, which means the surface wave propagation on the proposed structure is slower and SSPPs-wave confinement ability in the x direction is improved. In other words, to confine surface waves with the constant wavelength, fewer SSPPs unit cells are required with the proposed design compared with that of the traditional one, which is beneficial to the size miniaturization.
To quantitatively describe the confinement phenomena of the proposed and traditional designs, the distributions of electric field amplitudes (|E| = [|E x | 2 + |E y | 2 + |E z | 2 ] 1/2 ) in the cross-section A-A' along the y-axis direction are calculated as shown in Fig. 5(a) . All fields decay exponentially along the y-axis direction, showing the confinement features of SPP modes. As seen in Fig. 5(a) , when the groove depth L n of the proposed/traditional design increases, the confinement will be tightened and thus the field enhancement increases. On the other hand, when the groove depth L n keeps constant (i.e., L n = 3 or 4 mm), the proposed design achieves stronger confinement with enhanced fields compared with that of the traditional one. Fig. 5(b) illustrates the normalized time-averaged power density along the propagation direction (i.e., x-axis direction) that lies 0.1 mm above the slot of the traditional and proposed structures. It can be observed that the propagation loss of the proposed design is lower than that of the traditional counterpart.
To further obtain a physical insight into the EM fields confinement of the proposed filter and the traditional structurebased filter, the current flow distributions on the bottom surface of the grating structures for both cases at 4 GHz and 10 GHz are computed, as illustrated in Fig. 6 . Compared  Fig. 6(a) with Fig. 6(b) , the current around the grating structure at 10 GHz is obviously weaker than that at 6 GHz, not mention to some completely vanishing regions, manifesting again the cutoff frequency properties of the proposed slot unit cell. But for the traditional structure-based cases in Figs. 6(c) and (d), there are minor changes for the intensity of currents between 6 GHz and 10 GHz, implying again that the dispersion band of the proposed slot unit cell is lower than that Fig. 3(a) .
of the traditional one. Additionally, the current path for the proposed slot unit cell is longer than that of the traditional unit cell, resulting in smaller propagating wavelength and slow propagation of SSPPs wave.
To obtain direct observation of the SSPPs modal properties on the proposed filter, Fig. 7 demonstrates the SSPPs energy flows on the cross-sectional cuts at three different locations along the proposed filter at 6 GHz when N = 5. It is obviously visualized that the EM fields are tightly confined in the deep sub-wavelength scale around the proposed slot grating structure. The case of Fig. 7 (c) shows higher energy level than that of Fig. 7(a) , while for the case in Fig. 7(b) , the EM energy is localized at many dots in the y direction due to the subsidiary slots of the fish-bone structure.
IV. FREQUENCY RESPONSE AND DISCUSSION
Since the high and low frequency stopbands of the proposed filter is created by the SSPPs unit cells and the microstrip-toslotline transition, respectively, thus, by tuning the physical parameters of these two structures, the frequency response of the proposed filter is shaped. To validate this tuning ability, full-wave simulations are carried out, as seen in Fig. 8 , where L n , R 1 are swept while all other dimensions remain the same as those in Fig. 3(a) . The high frequency edge of the passband shifts upward when groove depth L n decreases, while the low frequency edge remains constant, which means the geometrical dimensions of the fish-bone slot unit cell is used to determine the cutoff frequency. Besides the groove depth, other parameters of the fish-bone slot unit cell can be also arbitrarily tuned to change the cutoff frequency. Figure 8 (b) displays the radius of the circular pad and slot (i.e., R 1 ) influence on transmission coefficient showing the low frequency edge can be tuned independently by changing R 1 . The microstrip-to-slotline transition determines the low frequency edge while having almost no effects on the high frequency edge. The analysis above shows the passband frequency edge of the proposed filter can be controlled separately, which facilitates the design process. Therefore, the center frequency and bandwidth can be both shaped correspondingly. Figure 9 is the frequency responses of the proposed ultra-wideband BPF, where the measurement was carried out by using Agilent vector network analyzer N5247A. From Fig. 9(a) , by passing through two microstrip ends, two transition sections and SSPPs unit cells array, the EM fields still keep high transmissions (S 21 ) and low reflections (S 11 ) within the passband, except some drops with ripples from 4.9 to 7.6 GHz. These ripples may be attributed to the impedance mismatching of transition sections and signal input/output port. The measured results are in agreement with the predicted ones validating the proposed idea. The discrepancy between the simulated and measured S-parameters is mainly due to the mutual coupling introduced by the connectors, soldering, and manufacturing tolerance especially in the high frequency. Figure 9 (b) is the measured performance comparison between cases with different periods N . These cases have similar S-parameters fluctuation trend in the passband showing that the length of the SSPPs unit cells array is insensitive to the surface wave transmission. In other words, surface wave is capable of propagating on the proposed SSPPs unit cells with low loss, and the insertion loss of the proposed filter mainly results from the other parts rather than the SSPPs unit cells.
V. CONCLUSION
In summary, an SSPPs-based ultra-wideband BPF using fishbone slot structure is presented and studied. The proposed fish-bone slot unit cell is analyzed by full-wave EM simulation showing lower dispersion band with higher surface wave confinement ability. Based on the proposed slot unit cell and the microstrip-to-slotline transition design, such filter can support low-loss SSPPs transmission with attractive properties such as tight field confinement and tuning ability on bandwidth and center frequency. The proposed SSPPs-based filter is a good candidate for functional plasmonic circuit applications in microwave and terahertz regimes. In 1990, he joined the School of Electronic Engineering, UESTC, as an Associate Professor, and became a Professor in 1998. He has authored or co-authored over 80 technical papers. His current research interests are microwave and millimeter-wave circuits and systems, microwave integrated circuits, and computational electromagnetism.
